Abstract: We present the investigation on chromatic dispersion characteristics of three orbital angular momentum (OAM) states in 5.58 km ring-core fiber (RCF) link. Steady transmissions of different OAM mode orders spanning from −2 to +2 via the 5.58 km RCF are demonstrated, ensuring the stability of dispersion measuring system. For OAM + 0,1 , OAM + +1,1 , and OAM + +2,1 , the chromatic dispersion values of 13.8 ps/(nm km), 20.1 ps/(nm km), and 32.9 ps/(nm· km) are obtained, respectively. Experiments are also carried out on the measurements of dispersion-induced power fading of the radio-frequency (RF) signal in the OAM transmission link, and the results match well with the values calculated from the measured chromatic dispersion.
Introduction
Stimulated by the rapidly emerging need of higher information rate to mobile services, highlycentralized data and clouding-based traffic, innovative ways are desired to increase the datacarrying capacity of networks. Multiplexing in time, wavelength, polarization, and phase are now used to send more information than ever before. Space-division multiplexing (SDM), as an unexploited dimension in a single optical fiber, has drawn close attention in fiber research for large capacity optics communications and high rate of spectral utilization [1] . Recently, orbital angular momentum (OAM) has been proposed as a promising candidate for SDM. The unique property of inherent orthogonality of OAM beams with different topological charges enables an additional degree of freedom for data multiplexing [2] , [3] . The last few years have seen an explosion of interest about OAM modes multiplexing in both free-space [4] , [5] and fiber optics communication [6] - [8] .
Much effort has been devoted for OAM transmission in optical fibers [9] - [12] . Various kinds of OAM fibers have already been designed and fabricated for multiple OAM modes fiber transmission with low crosstalk and high stability [13] - [18] . Zhang et al. and Tian et al. have proposed a kind of circular photonic ring fibers which can support 14 and 26 good quality OAM modes [19] , [20] . A ring-core fiber (RCF) supporting 36 OAM modes has also been designed and fabricated by Brunet et al. [21] . Remarkably, the step-index RCF has been used to transmit OAM modes with different orders, achieving 1.6 terabits per second data transmission for 1.1 kilometers [22] . Distinct OAM modes have been transmitted over a recirculating fiber loop for 13.4 km [23] . The viability of OAM modes transmission through a 50 km fiber has been demonstrated [24] . As the transmission distance of OAM modes in fiber reaching kilometer scale, chromatic dispersion in OAM transmission fiber can no longer be ignored, especially to be combined with the constantly applied technique of wavelength division multiplexing (WDM) to realize large-capacity long-distance transmission [22] . Actually, investigations on dispersion characteristics of each novel optical fibers are absolutely necessary, which can be seen from the development of few-mode fiber (FMF) and multi-core fiber (MCF) [25] - [27] . More recently, polarization mode dispersion (PMD) of OAM modes has been measured through 1.09 km propagation in fiber [28] , [29] . Differential modal delay (DMD) of the first order OAM modes has been provided [24] . Nevertheless, the chromatic dispersion properties of OAM modes in fiber has not yet been reported before. In this scenario, a laudable goal would be to investigate the chromatic dispersion for fiber optics communication based on OAM modes multiplexing.
In this paper, we characterize the chromatic dispersion of fundamental, first higher-order and second higher-order OAM modes within a 5.58 km RCF link at the wavelength of 1550 nm. By observations of the doughnut-shape intensity profiles, interferograms and demodulated Gaussian-like intensity profiles, we demonstrate the steady transmission of different OAM mode orders spanning from −2 to +2 over the 5.58 km RCF. Using the phase-shift method, group delays of the OAM states at 11 different wavelengths among 1540 nm to 1560 nm are provided to obtain the chromatic dispersion values. Moreover, the dispersion induced power fading of radio frequency (RF) signal in the 5.58 km RCF link are experimentally analyzed and the results present good agreement with the values calculated from the measured chromatic dispersion. Fig. 1 shows the cross section image and structure parameters of the used RCF in the experiment. The RCF has a step index profile with 1.444 and 1.473 for the refractive indices of cladding and ring core at 1550 nm respectively. The inner core diameter outer core diameter, and cladding diameter are 4.4 μm, 15.8 μm, and 125.6 μm.
OAM Modes Transmission in RCF
The ring-core structure with large refractive index difference is employed to increase the effective refractive index difference ( n eff ) between eigenmodes (TM, TE, HE, EH) within the same mode groups, thus the mode degeneracy is removed and the OAM modes can be conserved [30] , [31] . The supported OAM modes in this RCF are given by the following equations:
where l is the topological charge (or order) of OAM modes, the sign of l denotes the direction of the helical phase front rotation, and the sign in the superscript denotes the direction of the circular polarization. Here we assign the right-circular polarization (RCP) as the positive direction (+) and the left-circular polarization (LCP) as the negative direction (−). There are two information bearing states (mode states) for each order OAM modes with l = 0 or 1. The two OAM 0,1 mode states are actually the fundamental eigenmodes including left-and right-circular polarization, while the two OAM 1,1 states, composed by the even and odd HE 2,1 modes, have the same direction of circular polarization and rotation. However, the second higher-order OAM mode owns four mode states, for having circular polarization and rotation either in the same (composed by even and odd HE 3,1 modes) or in opposite (composed by even and odd EH 1,1 modes) directions [21] . In this work, we mainly focus on the chromatic dispersion characterization of OAM Phase-shift method is employed to measure the group delays of OAM modes transmitted over the 5.58 km RCF link [32] , [33] . During the experiment, double sideband-modulation is applied on a RF signal. In consideration of chromatic dispersion, the output signal from the receiver gains an optical-carrier-wavelength-dependent time delay after transmission over the RCF link, which can be written as
where ω 0 is the angular frequency of optical carrier, A is the length of RCF, τ 0 is the constant delay, λ 0 is the wavelength of optical carrier, and D is commonly used to replace β 2 as the chromatic dispersion in fiber. The power of the received signal can be expressed as follows:
where α is the attenuation coefficient, ψ is the angular frequency of RF signal, c is the velocity of light in free space, I is the signal amplitude, and C is constant coefficient. It can be seen from (3) that the signal power fading is related to the chromatic dispersion, which will be discussed below. Fig. 2 shows the experiment setup of OAM modes chromatic dispersion measuring system over 5.58 km RCF link. A light beam from a tunable laser (Emcore TTX1994) is modulated by a 2.5 GHz RF signal from a vector network analyzer (VNA, R&S ZVA 67) in a Mach-Zehnder modulator and then amplified by an erbium-doped fiber amplifier (EDFA, Amonics PA-35) before entering the free space. The amplified Gauss beam is converted into OAM beam using a spatial light modulator (SLM1, Holoeye PLUTO phase-only) and turned to circularly polarized beam through a quarterwave plate (QWP). A lens with focal length f = 18 mm is used to couple light into the RCF. After 5.58 km RCF trasmission, the output light is converted back to Gaussian-like mode by another spatial light modulator (SLM2) and split into two parts. One is captured by a CCD camera to monitor the intensity profile, while the other one is detected by a photo-detector (PD) after passing through an EDFA and an optical filter and then received by the VNA for delay measurement.
Experimental Setup

Experimental Results
We first characterize the intensity profiles and interference patterns of the six mode states (two for the first order OAM modes and four for the second order OAM modes) after 2 m RCF transmission at 1550 nm representatively, as shown in Fig. 3 . The interference with a Gaussian beam yields a spiral intensity pattern with l spiral arms, qualitatively demonstrating the order l of the OAM mode. Moreover, intensity profiles are observed after propagating through 5.58 km RCF link, together with the demodulated Gaussian-like intensity profiles. The transmission of demodulated beam in single mode fiber (SMF) can filter the residual higher-order modes, which enhances the measurement stability. According to Eq. (2), the chromatic dispersion value D can be calculated by linearly fitting the measured delay data. Mode crosstalk, arising from fiber design and fiber bending deformation, may induce power undulations of the demodulated beam coupled into the SMF, which can influence the measurements of time delay [22] . Hence, multiple measuring process is necessary for exact value. A hundred repeated measurements of time delay at each of the 11 wavelengths ranging from 1540 nm to 1560 nm are averaged as the final value, as shown in Fig. 4 . The error bars are the standard deviations of the one hundred data, quantitatively representing delay fluctuations within ±52 ps, ±68 ps, and ±53 ps during the whole data acquisition processes for OAM To further investigate the chromatic dispersion characteristics in the 5.58 km RCF transmission link, the dispersion induced RF signal power fading corresponding to the three OAM states is studied. Here we measure the amplitude-frequency responses from 0 to 50 GHz at 1550 nm, as Fig. 4 , we calculate the amplitude-frequency responses according to Eq. (3), as the red curves shown in Fig. 5 . Obviously, the calculated values and the measured curves are well matched, providing a good validation for conclusion above.
Conclusion
In summary, we focused on the chromatic dispersion properties of three OAM states within a 5.58 km RCF link via phase-shift method. Spiral interference patterns for each of the OAM states with l = ±1 and ±2 are obtained after propagating through 2 m RCF, confirming the excitation of OAM modes, while stable doughnut-shape intensity profiles and demodulated Gaussian-like intensity profiles after transmission over 5.58 km RCF has also been observed. The acquired D values are 13.8 ps/(nm · km), 20.1 ps/(nm · km) and 32.9 ps/(nm · km) for OAM + 0,1 , OAM + +1,1 , and OAM + +2,1 , respectively. We also experimentally measured the dispersion induced power fading of RF signal and demonstrated a good consistency between the experimental results and values calculated from the obtained D . This analyses of chromatic dispersion characteristics in RCF target applications on dispersion compensation within OAM transmission fiber system and combination of OAM multiplexing with WDM for long-haul, high-speed fiber communication, which are still under study.
